The excitatory glutamatergic synapse is the principal site of communication between cortical pyramidal neurons and their targets, a key locus of action of many drugs, and highly vulnerable to dysfunction and loss in neurodegenerative disease. A detailed knowledge of the structure of these synapses in distinct cortical areas and across species is a prerequisite for understanding the anatomical underpinnings of cortical specialization and, potentially, selective vulnerability in neurological disorders. We used serial electron microscopy to assess the ultrastructural features of excitatory (asymmetric) synapses in the layers 2-3 (L2-3) neuropil of visual (V1) and frontal (FC) cortices of the adult mouse and compared findings to those in the rhesus monkey (V1 and lateral prefrontal cortex [LPFC]). Analyses of multiple ultrastructural variables revealed four organizational features. First, the density of asymmetric synapses does not differ between frontal and visual cortices in either species, but is significantly higher in mouse than in monkey. Second, the structural properties of asymmetric synapses in mouse V1 and FC are nearly identical, by stark contrast to the significant differences seen between monkey V1 and LPFC. Third, while the structural features of postsynaptic entities in mouse and monkey V1 do not differ, the size of presynaptic boutons are significantly larger in monkey V1. Fourth, both presynaptic and postsynaptic entities are significantly smaller in the mouse FC than in the monkey LPFC. The diversity of synaptic ultrastructural features demonstrated here have broad implications for the nature and efficacy of glutamatergic signaling in distinct cortical areas within and across species.
part of the same functional network (Hilgetag et al., 2016) . In line with this idea is the finding of graded differences in dendritic architecture across distinct cortical visual areas coinciding with a gradient of cortical lamination and complexity of visual information processing in the nonhuman primate (Elston, 2002) .
That the dendritic architecture of pyramidal neurons varies depending on cortical area has been known since the time of Cajal (Conel, 1941 (Conel, , 1967 Ram on y Cajal, 1894 , 1995 . Recent studies have used high resolution anatomical and electrophysiological methods to further elaborate on the structural and functional properties of individual pyramidal neurons across distinct cortical areas (Amatrudo et al., 2012; DeFelipe, Alonso-Nanclares, & Arellano, 2002; Elston, 2000 Elston, , 2002 Elston, , 2003 . In the rhesus monkey, layer 3 (L3) pyramidal neurons in the lateral prefrontal cortex (LPFC) and V1 are strikingly different in terms of both their morphological and electrophysiological properties. Structurally, the dendritic arbors of L3 pyramidal neurons in LPFC are 3-4x larger, more complex and contain 16x higher number of dendritic spines than those of V1 (Amatrudo et al., 2012; Elston, 2000 Elston, , 2002 Elston, , 2003 Gilman, Medalla, & Luebke, 2016) .
Functionally, LPFC neurons are less excitable and have significantly more frequent excitatory synaptic events with larger amplitude and longer decay time, compared to V1 neurons .
To determine whether the differences in synaptic properties could be explained by differences in the excitatory synapses themselves, Medalla and assessed the ultrastructural properties of excitatory synapses in the layers 2-3 (L2-3) neuropil. Interestingly, both presynaptic boutons and postsynaptic densities of axospinous synapses were significantly larger in LPFC compared to V1. Further, there was a higher proportion of large perforated synapses in LPFC than in V1.
These findings of much larger synapses in LPFC (together with the much higher density of spines) is consistent with the idea that significantly larger and more frequent synaptic currents are likely due to more numerous, larger and more powerful synapses in LPFC compared to V1.
By contrast to the highly distinctive characteristics of L3 pyramidal neurons in the monkey visual versus lateral prefrontal cortices, neurons in analogous areas of the mouse are remarkably similar both functionally and structurally (DeFelipe, 2011; DeFelipe et al., 2002; Gilman et al., 2016) . Further, neurons in these areas differ notably between mice and monkeys (Gilman et al., 2016) . For example, monkey LPFC L3 pyramidal neurons are significantly larger and contain more oblique dendrites than those in the mouse FC, and are also significantly less excitable with lower frequencies of excitatory synaptic events (Gilman et al., 2016) . Layer 3 pyramidal neurons in monkey primary visual cortex also differ significantly from mouse but in different ways. Thus, mouse and monkey V1 neurons are similar in size but monkey neurons have a significantly lower spine density than mouse neurons (Gilman et al., 2016) . Functionally, monkey V1 neurons exhibit higher action potential firing rates and lower frequency excitatory synaptic responses than mouse V1 neurons (Gilman et al., 2016) .
While these and other studies have shed light on several organizational principles of cortical parcellation, many fundamental questions about cortical anatomy at the microstructural level remain. To what extent do different cortical areas differ with regard to the nature of their cellular constituents and synaptic microcircuitry? What is the interplay between local intrinsic cellular/synaptic properties and extrinsic inputs in the mediation of functional specialization? How are unique species-specific functional capacities conferred in a given cortical areaare areas that perform putatively similar functions (e.g., first-order vision or "executive" function) organized similarly across species? Are there differences in the structural and/or functional properties of neurons and synapses in distinct cortical areas that may make them particularly susceptible to (or protected from) synaptopathy in neurodegenerative disease?
Since excitatory synaptic transmission is the fundamental driver of cortical circuit activity, a thorough knowledge of the diversity of glutamatergic synapses is a prerequisite for understanding the anatomical underpinnings of cortical specialization. It is particularly important to characterize differences that exist in these synapses between the mouse and the primate given the extensive use of mouse models in the development of human therapeutics (reviews : Cavanaugh, Pippin, & Barnard, 2014; Perrin, 2014) as well as in large scale brain mapping projects (Egger, Dercksen, Udvary, Hege, & Oberlaender, 2014; Markram et al., 2015) . In order to enhance our understanding of excitatory synaptic specializations in the mouse V1 and FC compared to analogous areas in the rhesus monkey, we performed three-dimensional (3D) quantitative electron microscopy (EM) analyses of asymmetric synapses in L2-3 neuropil from mouse V1 and FC and compared findings with those in the monkey.
| MATERIALS A ND METHODS

| Experimental subjects
Brain tissue from four adult mice [2 months of age, n 5 1 male, n 5 2 female; and n 5 1, 9-14 months of age from: http://www.openconnectomeproject.org and http://dl.acm.org/citation.cfm?doid 5 2484838.
2484870 RRID:SCR_004232 (Bock et al., 2011) ] and three adult rhesus monkeys (ages 6-8 years old; all female) were used in this study. Some of the data on ultrastructural features of asymmetric synapses in the monkey (size of presynaptic boutons and postsynaptic spines, proportion of perforated axospinous synapses) used for comparison to mouse were previously published in Medalla and Luebke (2015) . All data from mice and the following data from monkeys were generated in the current study-ultrastructural spine specializations, multisynaptic bouton features, features of asymmetric shaft synapses and relative proportions of spiny, and sparsely or aspiny dendrites. All rhesus monkeys were part of a larger program of studies examining the impact of normal aging on the brain. Monkeys were initially obtained from the with animal research and maintenance conducted in strict adherence to animal care guidelines from the NIH Guide for the Care and use of Laboratory Animals and the U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals.
| Brain tissue processing for EM
Methods used to prepare monkey V1 and LPFC tissue for electron microscopy (EM) are described in Medalla and Luebke (2015) . Mice were anesthetized with a ketamine/xylazine cocktail, and continued to be sedated with isoflurane. After a thoracotomy, animals were perfused intra-cardially with 1% paraformaldehyde and 1.25% glutaraldehyde in phosphate or cacodylate buffer, pH 7.4, as described previously (Ludvigson, Luebke, Lewis, & Peters, 2011) . Following craniotomy, the brains were removed and post-fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in the same buffer used for perfusion for at least 1 week at 48C. Small 1-2 mm 3 blocks of tissue taken from the primary visual cortex (V1) and dorsal frontal association cortex (FC)
were osmicated, dehydrated through a series of increasing ethanol concentrations (70-100%), infiltrated with propylene oxide, and embedded in Araldite resin, as described previously (Peters, Sethares, & Luebke, 2008; Peters et al., 2000 Peters et al., , 2001 . Tissues were counterstained either en block with 1% uranyl acetate in 70% ethanol (EtOH) (Medalla & Barbas, 2009 ), or on grids (after sectioning) with 3% uranyl acetate in water and followed by 1% lead citrate (Ludvigson et al., 2011) .
| Sectioning and imaging for 3D serial EM analyses
Each Araldite-embedded block was hand-trimmed to a trapezoid to include the entire depth of the cortex from the pia to the white matter and oriented so that the plane of section was parallel to the vertical axis of the apical dendrites. Semi-thick sections (1 lm) were cut using a diamond histo-knife (Diatome), mounted on glass slides and stained with toluidine blue for light microscopic examination and demarcation of the sampling region in L2-3. Sectioning, sampling, and imaging parameters for 3D EM analyses of mouse tissue were made consistent with methods employed for monkey tissue described in Medalla and Luebke (2015) . For both mouse V1 and FC, L2-3 was demarcated as beginning at 100 lm deep to the pia and extending to 300 lm toward the white matter. The blocks were further precision-trimmed to include the entire depth of L2-3 using a diamond trim tool (Diatome) and an ultramicrotome (Ultracut; Leica). The average block face area was about 150 3 300 lm. Approximately 40-60 serial ultrathin sections (50 nm) were then cut from each block using a diamond knife (Diatome). The ribbons of sections were collected on single slot pioloform-coated grids. Serial ultrathin sections were then examined at 80 kV using a JEOL JEM 1011 transmission electron microscope with a digital camera (Gatan). From each block, 1-2 fields devoid of cell bodies in the center of the sampling area in L2-3, approximately 200 lm deep to the pia, were photographed throughout 25-40 serial sections at 20,000X magnification. Serial images were aligned and analyzed using Reconstruct TM software (RRID:SCR_002716), as described previously (Fiala, 2005) . The thickness of the imaged sections was estimated using the method of cylindrical diameters (Fiala & Harris, 2001a 
| Counting and analysis of synaptic elements
Excitatory asymmetric synapses were identified based on three classic criteria: the presence of a dense postsynaptic density (PSD), round vesicles, and a wide synaptic cleft. Inhibitory symmetric synapses were identified based on the absence of a dense PSD, pleomorphic vesicles, and a narrow synaptic cleft (Peters, Palay, & Webster, 1991) . Asymmetric synapses were then further characterized based on whether they have nonperforated (continuous) PSDs versus perforated (interrupted) PSDs. Asymmetric synapses were also characterized based on features of postsynaptic targets, whether formed on spines (axospinous synapses) or on dendritic shafts (shaft synapses), and the presence of spine apparatus/smooth endoplasmic reticulum (SA/SER) in the postsynaptic spine head of axospinous synapses.
Synapse densities were estimated using 3D stereologic counting methods, as described previously (Fiala & Harris, 2001b; Geinisman, Gundersen, van der Zee, & West, 1996) . In all four cases, all complete synapses and incomplete synapses touching one or more inclusion borders were counted; while synapses touching any of the exclusion borders were excluded. All symmetric and asymmetric synapses completed in 3D in the series were manually traced section by section to obtain object contours of PSDs, postsynaptic spines, and presynaptic boutons. From these contours, the surface area of the PSD and the volume of spines and boutons were calculated. On average, more than 100 synapses from 25-40 serial sections were reconstructed from each block.
We assessed the morphological features of dendrites in the volume to determine whether they were spiny dendrites, belonging to excitatory neurons, or smooth/aspiny or sparsely spiny, belonging to inhibitory neurons, according to previous criteria (Feldman & Peters, 1978; Kawaguchi, Karube, & Kubota, 2006; Medalla & Barbas, 2009 ).
For each dendrite, we assessed qualitative features, measured the dendritic length and counted the number of shaft versus spine synapses.
We calculated the density of asymmetric synapses on spines and the dendritic shaft along that length, which served as our criteria to classify dendrites as spiny, sparsely spiny or aspiny. Dendrites were classified either as spiny dendrites if they had irregular undulating surfaces and had >0.5 spine/mm and <0.5 shaft synapse/mm, or as smooth/aspiny or sparsely spiny dendrites if they had relatively smooth surfaces and had 0.5 spine/mm and 0.5 shaft synapse/mm.
We estimated the density of spiny dendrites passing through a given volume in each tissue block. The length of each of the spiny dendrites was summed to obtain the total dendritic length in the sampled volume. The total dendritic length was then divided by the total volume of tissue sampled to estimate the density of dendrites passing per unit volume. RRID:SCR_002865). To assess (dis)similarities across the four groups based on a combination of multiple presynaptic and postsynaptic variables, multidimensional Hierarchical Clustering and Discriminant Analyses using SPSS were employed, as described (Dombrowski, Hilgetag, & Barbas, 2001; Gilman et al., 2016) . Hierarchical clustering analysis (HCA) was performed to determine global similarities and differences among four groups based on the multiple morphological variables measured for asymmetric axospinous synapses (a total of 10 parameters). The HCA employed squared data (dis)similarity matrices derived from pairwise comparisons of normalized morphological parameter profiles for each animal or group, which are interpreted as spatial distances and plotted as a cluster tree diagram. The distance between two branching points in a cluster tree diagram represents the relative similarity of the groups; the longer the inter-branch distance, the more dissimilar the subgroups. Discriminant analysis (DA) was employed to assess how well each measured morphological variable segregated the individual subjects into four groups and predicted group membership.
The DA identifies which experimental variables show the clearest separation of the distributions of individual subjects belonging to different groups. A discriminant score for each variable based on a discriminant function is then calculated, which is a measure of the variable's ability to predict group membership. The highest discriminant score for each function represents the best predictor of group membership. We analyzed the population distribution of asymmetric synapses for each group, calculating absolute, relative (n in each bin/total n), and cumulative frequency distribution histograms of synaptic features. A Kolmogorov-Smirnov (K-S) test was used to compare differences between population distributions. Relationships between variables were examined with linear regression analyses using Pearson's correlation.
| R E S U LTS
Serial electron microscopy was employed to investigate the distribution and morphology of excitatory synapses in layers 2-3 (L2-3) of visual versus frontal cortices in the mouse. 3D EM data from the mouse cortices were directly compared with monkey V1 and LPFC EM data from a previous study and from new analyses in the current study. Figure 1 shows visual and frontal cortices in the mouse and monkey from which blocks of tissue were obtained and prepared for EM ( Figure 1a ). Semi-thick (1 mm) sections from each brain area were stained with toluidine blue to reveal neuronal somata and the surrounding neuropil in the four areas ( Figure 1b ). As evident from these images, monkey LPFC has the lowest neuronal packing density among the four groups, consistent with quantitative estimates from previous studies (e.g., Dombrowski et al., 2001; Hilgetag et al., 2016; O'Kusky & Colonnier, 1982) .
3.1 | Between-species differences in assymetric synapse density
Asymmetric ( 
| Postsynaptic targets, location, and distribution of asymmetric synapses
The majority of asymmetric synapses in all four areas (75-94%) were formed on spines and of these almost all (99%) occurred on spine heads ( Figure 2c ,f,g). Asymmetric synapses were also present on dendritic shafts (Figure 2c, d, j, k) . Within species comparison showed no significant differences between V1 and FC in mouse or V1 and LPFC in monkey with regards to the density of axospinous asymmetric synapses ( Figure 2b ) and the ratio of asymmetric spine : shaft synapses (Figure 2c ). The density of asymmetric shaft synapses was also similar between mouse V1 and FC, but was slightly higher in monkey V1 than in monkey LPFC (p < .05, Figure 2b ). Between-species comparisons showed that the numerical density ( Figure 2b ) and proportion ( Figure   2c ) of asymmetric axospinous synapses were significantly higher in mouse V1 and FC compared to monkey V1 and LPFC (p < .05, Figure   2b ,c). Concomitantly, the proportion of asymmetric synapses that were on dendritic shafts was lower in mouse than in monkey cortices.
We then assessed the morphological features of dendrites targeted by shaft synapses in the four areas. We measured the length of each dendritic target and determined the density of shaft and spine asymmetric synapses along that length to classify them as either spiny dendrites (>0.5 spine/mm, <0.5 shaft synapse/mm) belonging to excitatory neurons, or smooth/aspiny or sparsely spiny dendrites (0.5 spine/mm and 0.5 synapse/mm) belonging to inhibitory neurons (Figure 2d, k) , consistent with previous criteria (Kawaguchi et al., 2006; Medalla & Barbas, 2009 ). In all four areas, the majority of shaft synapses targeted aspiny or sparsely spiny dendrites (66 6 10% of shaft synapses in mouse V1, 77 6 4% in mouse FC, 74 6 10% in monkey V1, 88 6 2% in monkey LPFC), with monkey LPFC exhibiting the highest an aspiny dendrite (left) with no visible spines and a high density of asymmetric synapses on the shaft from monkey LFC; a sparsely spiny dendrite (middle) with low asymmetric axospinous but high shaft synapse density from monkey V1; and a spiny dendrite (right), with high asymmetric axospinous synapse density but no (or low number of) asymmetric shaft synapses, from mouse FC. Scale: f-j, 0.5 mm, k 5 (1 mm) ratio of aspiny : spiny targets. Shaft synapses targeting aspiny or sparsely spiny dendrites made up about 6 6 3% of total asymmetric synapses in mouse V1, 4 6 1% in mouse FC, 19 6 6% in monkey V1, and 14 6 2% in monkey LPFC ( Figure 2d ). As with the density and proportion of total shaft asymmetric synapses, the proportion shaft asymmetric synapses specifically on aspiny or sparsely spiny dendrites was similar between frontal and visual areas within species, but significantly higher in monkey versus mouse cortices (ANOVA, Fisher's p < .05 for all comparisons, Figure 2d ). Fewer shaft synapses were formed on spiny dendrites, and these synapses made up only 3 6 0.6% of the total asymmetric synapses in mouse V1 and 1 6 0.6% in mouse FC, 6 6 2% in monkey V1, and 1 6 0.4% in monkey LPFC. Multiple comparisons between and within species revealed that monkey V1 had a significantly higher proportion of asymmetric shaft synapses onto spiny dendrites compared to monkey LPFC, as well as to the two mouse cortices (ANOVA, Fisher's LSD, p < .05 for all comparisons, Figure 2d ).
Differences in asymmetric axospinous synaptic density across the four groups can be due to differences in the density of spiny dendrites passing through the sampled volume. Thus, the length of individual spiny dendrites, presumably belonging to excitatory neurons (Kawaguchi et al., 2006; Larkman, 1991; Medalla & Barbas, 2009; review: Fiala, Spacek, & Harris, 2007) was measured and summed to obtain the total dendritic length in the sampled volume. The total dendritic length was then divided by the total volume of tissue sampled to estimate the density of dendrites passing per unit volume. We then plotted asym- Tables   1 and 2 ). The synapses reconstructed in 3D were assessed for the presence of a perforation on the PSD (Figure 3a -f), which have previously been positively correlated with receptor density and synaptic conductance (Buchs & Muller, 1996; Geinisman, Detoledo-Morrell, Morrell, Persina, & Beatty, 1996; Geinisman et al., 1993; Harris, Jensen, & Tsao, 1992; review: Bourne & Harris, 2008; Fukazawa & Shigemoto, 2012) .
In all four areas, the majority (65-81%) of these asymmetric synapses were simple nonperforated (Figure 3b,c,d ), and the rest were perforated (Figures 3a,b,e and 4a) . Moreover, the majority (68-85%) of spines targeted by asymmetric synapses in all areas contained a SA/ SER in their heads (Figures 3a,b,c,g and 4a) , a structure associated with calcium release and reuptake efficacy (Sabatini, Oertner, & Svoboda, 2002; Spacek & Harris, 1997; review: Bourne & Harris, 2008; Nimchinsky, Sabatini, & Svoboda, 2002) . In all areas, a small proportion (2-7%) of spines that received an axospinous synapse received an accompanying inhibitory synapse on either the base of its head (68% of all symmetric axospinous synapses) or its neck (32%; Figure 3g ).
The surface area of the PSD and volume of the targeted spine in mouse V1 and FC were largely similar, in contrast to the significant differences seen between monkey V1 and LPFC . Asymmetric axospinous synapses in L2-3 of monkey LPFC had The presynaptic entity for most asymmetric synapses (87-99%) was a single bouton forming a single synapse (i.e., single-synaptic boutons). The mean volume of single-synaptic boutons did not differ in mouse V1 versus mouse FC (p 5 .65), but was larger in monkey LPFC than in monkey V1, specifically for those boutons associated with a perforated synapse (p < .05, Figure 5a , red asterisk). Between species comparisons showed that bouton volume in mouse FC and mouse V1
were both significantly smaller than in monkey LPFC (*p < .01) and V1 ( # p < .05, Figure 5a ). Axonal bouton volume of both perforated and nonperforated synapses was largest in monkey LPFC followed by monkey V1, then by mouse FC and mouse V1, which did not differ in size.
There is a high degree of overlap in the mean population distribution (Figure 5f ). Typically, MSBs formed synapses on two (more rarely on three) postsynaptic spines (Figure 5e ), as has previously been reported (Bartol et al., 2015; Kasthuri et al., 2015) . Here, we observed that spines innervated by the same MSB often differed in size in all areas and that there was a positive correlation between the volume of the "larger" spine and that of the "smaller" spine for the population of MSBs examined for the monkey LPFC only (r 5 .92; p < .05) (Figure 5f ).
| Degree of similarity between visual and frontal cortices in mouse versus monkey based on multiple excitatory synaptic features
To assess the relative similarities of the four areas (mouse V1, mouse FC, monkey V1, and monkey LPFC) and how well these areas segregated based on the combination the multiple variables measured to characterized asymmetric axospinous synapses, we used discriminant 
| DISCUSSION
In the ongoing effort to gain a detailed understanding of the microcircuitry of diverse cortical areas across species, we performed a comprehensive assessment of excitatory synapses in the L2-3 neuropil of the mouse V1 and FC and compared findings to those from functionally analogous areas in the rhesus monkey. Consistent with our previous work demonstrating the similarity of L3 neurons in mouse V1 and FC (Gilman et al., 2016) , we found that excitatory synapses are also virtually identical, with regard to: density, location, size of pre-and postsynaptic elements and prevalence of perforated synapses and spines containing SA/SER. By contrast, excitatory synapses in monkey V1 and LPFC differ dramatically-with a much higher prevalence of large perforated synapses in LPFC concomitant with significantly larger spines and presynaptic boutons . With regard to species comparisons, there is a higher density of excitatory synapses in both mouse areas compared to monkey. While the structural features of postsynaptic entities in mouse and monkey V1 do not differ, the size of presynaptic boutons is significantly larger in monkey V1. 4.1 | Species differences in excitatory synapse density and location
In our previous study using 3D high-resolution confocal imaging of biocytin-filled L3 pyramidal neurons, we reported that mouse FC, mouse V1, and monkey LPFC neurons do not differ with regard to spine density and that each has a significantly higher spine density than do those in monkey V1 (Gilman et al., 2016) . ; Dombrowski et al., 2001 ). Since monkey V1 has more neurons than monkey LPFC, but axospinous synaptic density is similar between monkey V1 and LPFC , it follows that the number of synapses per neuron is lower in V1 versus LPFC. This is consistent with the fact that both density and number of spines on individual L3 neurons are lower in V1 neurons than in LPFC (Amatrudo et al., 2012; . Indeed here, we show that there is higher dendritic packing density per unit volume in V1 than in LPFC. With axospinous synapse density being equal in the two regions, we show a lower axospinous synapse per dendritic length ratio in a given volume in monkey V1 than in monkey LPFC. This synapse : dendritic length ratio provides a rough estimate of the average spine density in each area, which is lower in V1 than in LPFC, again consistent with the difference in the density of spines on individual L3
neurons from the two areas that we have previously reported (Amatrudo et al., 2012; .
We cannot rule out that another plausible contributor to the difference in confocal (spine) versus EM (synapse) density findings is the difference in sampling locus between the two methods. Confocal data was obtained from individual L3 neurons in which spines were counted across the entirety of the filled dendritic arbor, while the EM-sampled volume is comprised of a mixed population of dendrites from many different neurons (and neuron types). Thus, using standard EM methodology, we are unable to distinguish axospinous synapses impinging on dendrites from L3 pyramidal neurons, from those that impinge upon distal dendrites of L5-6 pyramidal neurons or upon sparsely spiny interneurons (e.g., Feldman & Peters, 1978; Kawaguchi et al., 2006; Peters & Sethares, 1991) . It is possible that the proportions of dendrites from distinct neuronal populations passing through L2-3 differ between mouse and monkey cortical areas, resulting in distinct spine and synapse densities in different regions. Indeed, our findings and those of others are consistent with this idea, in that there is a significantly higher proportion of shaft synapses in L2-3 neuropil of monkey LPFC and V1 than in mouse FC and V1. The majority of the shaft synapses quantified here, especially in monkey LPFC, are located on aspiny or sparsely spinous dendrites, which are characteristic of inhibitory interneurons (Feldman & Peters, 1978; Kawaguchi et al., 2006; Medalla & Barbas, 2009 review: Fiala et al., 2007) . In addition, compared to mouse cortices and to monkey LPFC, monkey V1 also has a relatively higher proportion of synapses innervating shafts of spiny dendrites, with low shaft synapse density per length. These data suggest that the proportion of aspiny, sparsely spiny and spiny dendrites from inhibitory and excitatory neurons in L2-3 likely differ between monkey V1 and monkey LPFC, and between monkey and mouse. Moreover, previous large-scale 3D EM studies in mouse V1 suggest that sources of asymmetric synapses on shafts of inhibitory neurons also differ between mouse and monkey (Bopp, Macarico da Costa, Kampa, Martin, & Roth, 2014) . In mouse V1, up to 50% of asymmetric synapses from local axon collaterals of individual L2-3 pyramidal neurons preferentially target shafts of smooth dendrites of inhibitory neurons (Bock et al., 2011; Bopp et al., 2014) , a proportion that is significantly higher than in monkey LPFC and V1 (McGuire, Gilbert, Rivlin, & Wiesel, 1991; Melchitzky, Sesack, Pucak, & Lewis, 1998) . Thus, given the higher overall proportion of asymmetric shaft synapses in monkey versus mouse, these data suggest that in the monkey there is a smaller contribution of local axon collaterals and a larger contribution of extrinsic synapses from other brain areas to the innervation of inhibitory neurons (see also Bopp et al., 2014; Medalla & Barbas, 2009) . Further work on 3D
EM assessments of immunohistochemically-labeled populations of inhibitory neurons and pathways (e.g., Medalla & Barbas, 2009) or using large-scale volumetric EM methods (e.g., Bartol et al., 2015; Kasthuri et al., 2015) are needed to characterize sources of synapses impinging on specific neuronal populations and somatodendritic loci in the two cortical areas in mouse and monkey.
| Within-species comparison of excitatory synapse ultrastructure in functionally distinct cortical areas
The ultrastructural features of excitatory synapses in L2-3 of mouse V1 and FC are identical with regard to presynaptic bouton and postsynaptic spine head volumes, PSD surface area, proportion of perforated PSDs, and proportion of spine heads containing a SA/SER. These findings are in marked contrast to the significant differences in the sizes of these pre-and post-synaptic entities and the proportion of perforated PSDs in monkey V1 versus LPFC . Consistent with this demonstration of the structural similarity of excitatory synapses in mouse V1 and FC, we have previously reported that excitatory postsynaptic currents in L3 pyramidal neurons in these two areas of the mouse brain are the same with regard to frequency, amplitude, and kinetics (Gilman et al., 2016) , whereas they differ markedly in the monkey (Amatrudo et al., 2012; . This consistency in structural and functional data is not surprising in light of studies demonstrating correlations between ultrastructural features and synaptic response properties. Specifically, the volume of boutons, the volume of spine heads, the proportion and volume of spines containing SA/ SER, and the proportion and surface area of perforated PSD are some of the many interacting structural variables that determine synaptic efficacy (Baude, Nusser, Molnar, McIlhinney, & Somogyi, 1995; Germuska et al., 2006; Li et al., 2005; Matsuzaki et al., 2001; Murthy, Schikorski, Stevens, & Zhu, 2001; Murthy, Sejnowski, & Stevens, 1997; Nusser et al., 1998; Takumi, Ramirez-Leon, Laake, Rinvik, & Ottersen, 1999; Tong & Jahr, 1994; Zikopoulos & Barbas, 2007) . responses of monkey LPFC neurons do not differ from mouse FC neurons with regard to amplitude or kinetics (Gilman et al., 2016) , but are lower in frequency. It is possible that this unexpected relationship can be accounted for by greater levels of dendritic filtering and thus a greater degree of attenuation of EPSCs across the much longer dendritic arbors of monkey LPFC neurons (Amatrudo et al., 2012; Elston, 2002; Rall, 1962 Rall, , 1964 reviewed in London & Hausser, 2005; Spruston, 2008) . Moreover, the higher frequency of MSBs in mouse FC compared to monkey LPFC can also strengthen synaptic responses when targeting spines emanating from the same parent dendrite (Bartol et al., 2015) , by virtue of a higher probability of neurotransmitter release from multiple synaptic sites that can lead to increased EPSC amplitude and frequency (e.g., Murthy et al., 1997; Raghavachari & Lisman, 2004) . Future studies will be required to untangle the many factors that determine the synaptic filtering and processing through the complex dendritic arbors and the release properties and efficacy of MSBs in each of these areas.
By contrast to the axospinous synapses in frontal cortices, those in the L2-3 neuropil of monkey and mouse V1 differed only in size of presynaptic entities (being significantly larger in monkey), with postsynaptic entities being the same. Interestingly, monkey V1 neurons exhibit sEPSCs with significantly lower frequency, smaller amplitude and shorter decay time than mouse V1 neurons (Gilman et al., 2016) .
Although there were relatively more large boutons in L2-3 neuropil of monkey V1 compared to that of mouse V1, the monkey V1 boutons analyzed had a weak correlation with vesicle number (r 5 .3), consistent with the finding that there are large boutons in monkey V1 with few synaptic vesicles. In addition, mouse V1 neurons have a significantly higher spine density than do monkey V1 neurons, which also likely contributes to both the higher amplitude and higher frequency of EPSCs observed in mouse compared to monkey V1 L3 pyramidal neurons.
Our findings show that there are species-specific differences in the relationships between the size of pre-and post-synaptic elements. 
| Comparison to previous studies
Previous studies have estimated the density and proportion of the postsynaptic components of excitatory synapses in L2-3 of mouse and monkey visual and frontal cortices using 2D EM methods (Crimins et al., 2011; Luebke et al., 2015; Peters et al., 2008; Schuz & Palm, 1989) . The proportions of postsynaptic targets and synapse morphological types based on these 2D methods are consistent with the 3D data in the current study, but there is some variability in the estimates of numerical synapse density likely due to differences in methodological counting and sampling parameters, processing methods and subjects. Some tissue blocks analyzed in previous 2D EM work in monkey V1 and LPFC from our group Peters et al., 2008) were obtained from the same animals that were used for the current 3D EM study. Direct comparisons of 2D and 3D methods in these animals reveal that even if there were small differences in 2D versus 3D absolute synapse density estimates, the relative differences across animals and areas were consistent between the two methods. While there have been few 3D EM studies of excitatory synapses in the rhesus monkey cortex (but see Medalla & Barbas, 2009 Medalla et al., 2007 , Timbie & Barbas, 2014 , comparatively extensive 3D EM work has been done in L2-3 of mouse primary visual cortex-comparing synapses from identified neurons (Bock et al., 2011) and the general population of excitatory synapses in L2-3 neuropil (Bopp et al., 2014) . Data on numerical densities and proportion of axospinous and shaft synapses from these studies are consistent with the present findings. Further, 3D measurements of synapse size from the present study (PSD area, spine volume, and bouton volume) have means and range of values comparable to data from previous large-scale 3D EM studies in mouse (e.g., Harris & Weinberg, 2012; Kasthuri et al., 2015) and monkey cortices (e.g., Medalla & Barbas, 2010; Timbie & Barbas, 2014 ).
Although the current study has a relatively limited z-sampling per sample site compared to previous large-scale EM studies, the higher sampling across different areas and animals allowed direct comparisons between frontal and visual areas in mouse versus monkey cortex using 3D EM for the first time.
| Implications of findings
The present study demonstrates that mouse V1 and mouse FC are virtually identical in terms of the presynaptic and postsynaptic ultrastructural features of excitatory synapses in L2-3 neuropil. Unlike in the mouse, there are marked differences in the size, structure and physiology of individual L3 pyramidal neurons, and in presynaptic and postsynaptic ultrastructural features of excitatory synapses in area V1
compared to area LPFC in the rhesus monkey (Amatrudo et al., 2012; . In a previous study, we also demonstrated that mouse V1 resembles mouse FC at the single cell level, with individual L3 pyramidal neurons having similar size, dendritic extent and topology, as well as in intrinsic membrane, action potential firing and synaptic response properties (Gilman et al., 2016) .
Taken together, data from this and previous studies predict that, in mice, excitatory synaptic transmission at the cellular and local circuit levels in L2-3 of V1 and FC is very similar-if not identical-both structurally and functionally. In this species, both the unimodal primary sensory area V1 and multimodal FC contain cellular and synaptic features consistent with a relatively highly excitable circuit, being comprised of small and electrically compact output neurons, and abundant asymmetric axospinous synapses on each pyramidal neuron. Moreover, our data suggest that the capacity and mechanisms for synaptic plasticity, based on the frequency of MSBs and the size relationship of pre-and postsynaptic entities, is similar between mouse V1 and FC areas. This is interesting in light of the body of work showing synaptic plasticity in vivo in mouse V1 beyond the classic "critical period" (reviewed in Tropea, Van Wart, & Sur, 2009 ). Based on data presented here, the mechanisms of synaptic plasticity observed from these studies in mouse V1 may similarly apply to mouse FC (e.g., Gavornik & Bear, 2014) . However, the synaptic features of mouse frontal and visual areas are distinct from the analogous monkey visual and frontal areas, and thus, mechanisms for plasticity likely differ between rodents and primates (e.g., Nys, Scheyltjens, & Arckens, 2015; Testa-Silva et al., 2014; Verhoog et al., 2013) .
In contrast to mouse cortices, excitatory synaptic transmission dif- Kayser, 2010; Vogels, Rajan, & Abbott, 2005) . On the other hand, the multimodal association LPFC in monkey is comprised of cellular and synaptic features consistent with more powerful and longer-lasting inputs, and having large and electrotonically complex L3 output neurons. These features facilitate sustained activation, coincidence detection, and spike-timing-dependent plasticity that are optimal for integrative functions such as decision making and sensorimotor interactions (for review, see Constantinidis & Wang, 2004; Sjostrom, Rancz, Roth, & Hausser, 2008) .
In conclusion, our data provide further evidence that frontal and visual cortical areas are relatively homogenous in mouse but markedly different in the monkey. These data are important for understanding how excitatory signaling within neuronal networks differs between rodents and primates (DeFelipe et al., 2002) and how cortical microcircuitry contributes to the unique functions of diverse cortical areas in distinct animal models.
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